The Venus clam, Cyclina sinensis, is one of the most important bivalves in China. In recent years, increasing expansive morbidity has occurred in breeding areas, imposing significant losses on the national economy. To understand the molecular mechanisms of immunerelated genes, we analyzed and sequenced hemolymph samples that were injected with two pathogenic microorganisms using the Illumina Miseq system. After trimming, more than 12 M PE reads with an average length greater than 410 bp were assembled into 70,079 transcripts with a mean length of 980 bp. Using a homology analysis, 102 (135 transcripts) potentially immune-related genes were identified, and most of them exhibited a similar pattern in both samples. These data indicated that the response of the clam to both types of bacterial infection might follow a similar molecular mechanism. Using the TreeFam method, 9,904 gene families and 1,031 unique families of the clam were preliminarily classified in comparison to five related species. A significant number of SSRs were identified, which could facilitate the identification of polymorphisms in Venus clam populations. These datasets will improve our knowledge of the molecular mechanisms driving the immune response to bacterial infection in clam populations and will provide basic data about clam breeding and disease control.
Introduction
The Venus clam, Cyclina sinensis, is one of the most important bivalves in Chinese marine aquaculture. This clam possesses many advantages as a popular seafood, including rapid growth, salt and temperature resistance, pollution tolerance, and a high survival ratio after prolonged removal from the water [1] [2] . This clam species is distributed across most of China's coastline and has a huge consumer market in China, South Korea and Japan. In recent years, increasing morbidity has occurred in breeding areas, imposing significant losses on the national economy. An important cause of increased morbidity is invasion by pathogens [3] [4] . Vibrio disease is the most significant cause of death in many marine organisms; the pathogenic taxa mainly include Vibrio anguillarum, Vibrio vulnificus, Vibrio alginolyticus and Vibrio harveyi.
Vibrio anguillarum, which belongs to the Vibrionaceae family and Vibrio class, is a common pathogenic microorganism that secretes toxins leading to morbidity in a variety of marine organisms due to hemorrhagic septicemia accompanied by extensive tissue damage and death [5] . Currently, toxins closely related to Vibrio anguillarum pathogenicity are widely recognized [6] . Several studies have shown that after a period of clam exposure to low concentrations of anguillarum (OD600 = 0.4), a series of active immunological substances, such as acid phosphatase, alkaline phosphatase, superoxide dismutase and lysozyme genes, are significantly upregulated [7] [8] . To date, only a few studies have been performed on mussels and oysters.
Minimal studies of bivalve immune factor-related gene expression and regulation (in mussels, oysters and scallops) have been reported. Mytilin B, mytilin C, mytilin D and mytilin G1 [9] , which are cysteine-rich cationic antimicrobial peptides involved in innate mussel (Mytilus galloprovincialis) immunity, have been identified. Using expressed sequence tag (EST) analysis, Gueguen et, al. screened 20 genes related to immune sequences from a Pacific oyster hemolymph cDNA library and performed an expression experiment on genes induced in response to bacterial infections in oysters [10] . In addition, the scallop heat shock protein 70 and C-type lectin gene have been cloned, and their expression levels have been examined [11] [12] . Also in scallop, a selenium-binding cDNA protein was cloned with EST and RACE, and its significant upregulation in the blood cells of scallops after microbial infection was confirmed [13] . However, the immune factor genes have not been identified nor have the system been analyzed in the Venus clam and other bivalves. In this study, we identified the sequences and expression levels of immune-related genes in the Venus clam after bacterial injection. These data may provide a new approach for preventing and treating diseases in bivalves. Transcriptomes are an important resource for the rapid and cost-effective development of genetic markers [14] . Molecular markers derived from the transcribed regions are more conservative, providing greater potential for identifying functional genes. Among the various molecular markers, simple sequence repeats (SSRs) are highly polymorphic, easier to develop and richly diverse [15] .
In our study, we used related methods (Data filtering and de novo assembly, Gene family comparative and evolutionary analysis and cSSR discovery) from Zhang et al "Transcriptomics and Identification of the Chemoreceptor Superfamily of the Pupal Parasitoid of the Oriental Fruit Fly, Spalangia endius Walker (Hymenoptera: Pteromalidae)", PLoS ONE, 2014.
Materials and Methods

Ethics statement
No specific permits were required for the sample collection for this study in Tianjin Dagang shoals. The field studies did not involve endangered or protected species. The species in the genus of Cyclina are common shellfish and are not included in the "List of Protected Animals in China".
Vibrio anguillarum and Micrococcus luteus were cultured in a 2216E medium at 28°C for 24 h. The bacterial culture was washed three times with sterile saline. Between each wash, the bacteria were centrifuged at 4,000 ×g for 10 min, were resuspended at 1×10 8 cells/ml in each tube and injected 50ul to each clam about 5×10 6 cell.
RNA extraction and library construction for Illumina sequencing
Seventy-two Cyclina sinensis were selected at random for the experiment and thirty-six were injected (into the adductor muscles) with 50 μl live Vibrio anguillarum resuspended in PBS (OD = 0.4, 1×10 8 cell/ml), while 36 were injected (into the adductor muscles) with 50 μl live Micrococcus luteus (OD = 0.4, 1×10 8 cell/ml). Total RNA from the clam hemolymph was extracted using TRIZOL (Life Technologies). The quality and quantity of the RNA sample was analyzed and verified using an Agilent 2100 Bioanalyzer (AmershamBiosciences, Uppsala, Sweden) and gel electrophoresis. Messenger RNAs from the extracted total RNA were isolated using oligo (dT) magnetic beads and were randomly cleaved into short fragments. Next, the first-strand cDNAs were synthesized with random hexamer primers and followed by second-strand cDNA synthesis using DNA polymerase I (New England BioLabs, Ipswich, MA) (NEB) and RNaseH (Invitrogen). The completion of repair, adapter connection and PCR amplification were preformed following a standard protocol (Illumina). Finally, the quality and quantity of the library were verified using an Agilent 2100 Bioanalyzer and an ABI StepOnePlus Real-Time PCR System. The qualified library was sequenced using the Illumina MiSeq platform.
Data filtering and de novo assembly
To ensure the accuracy of the subsequent analysis, a stricter filtering criterion was used to minimize the effects of sequencing errors during gene assembly because sequencing errors will result in additional errors in a short-read assembly algorithm. First, raw reads that had adapter sequences were removed. Then, the low-quality (Q<5) nucleotides at both ends of the reads were trimmed. Finally, the low-quality reads were removed when the average quality score was less than 15 (the Phrap score, which were originally developed by the program Phrap to help in the automation of DNA sequencing in the Human Genome Project and assigned to each nucleotide base call in automated sequencer traces) [16] ; single reads less than 36 bp were also removed.
The clean reads were analyzed by Trinity (Release 2013-06-08) for de novo assembly using a paired-end model [17] . The following parameters were used in Trinity: min_glue = 1, V = 10, edge-thr = 0.05, min_kmer_cov = 2, path_reinforcement_distance = 150, and group_pairs_dis-tance = 500. Next, any redundant fragments were removed by TGICL (TGI Clustering tools) and a Phrap assembler [18] . The parameters were set as follows: a minimum of 95% identity, a minimum of 35 overlapping bases, a minimum of 35 scores and a maximum of 20 unmatched overhanging bases at the sequence ends. Finally, based on sequence similarity, the transcripts were divided into two classes: a cluster (prefixed with 'CL') and a singleton (prefixed with 'unigene'). In a cluster, the similarity between the transcripts was more than 70% [19] .
Functional and expression annotation
BLASTx alignment (E-value <1e -5 ) was performed between the transcripts and the protein databases, which included the NCBI non-redundant protein (Nr) database (last updated in June of 2013), the Swiss-Prot protein database (Release 2013_05), and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database (Release 63.0). The best hits were used to select the transcription direction and CDS (coding region) of one transcript. If the results of different databases conflicted with one another, a prioritization order of Nr, Swiss-Prot, and KEGG was followed when choosing the sequence direction and CDS of a transcript. When a transcript could not predict a CDS using a homology method, the software ESTScan was used for prediction [20] . The peptide sequences were translated using standard codons for CDS with lengths no less than 100 bp. In addition, the transcripts were annotated with an NCBI non-redundant nucleotide (Nt) database (June, 2013) using BLASTn. To annotate the transcripts with GO terms, Blast2GO was used to obtain GO annotations according to the molecular function, biological processes and cellular component ontologies following the Nr BLAST results [21] . BWAaligner (Version 0.7.1) was used to map the reads back to the transcripts using the MEM model with default parameters. Each transcript was normalized into FPKM values (Reads Per kb per Million Fragments)using the best mapped reads, which were determined using the exact-match length, and the read was discarded if it yielded the same results from more than two transcripts [22] .
A pathway enrichment analysis for a hawthorn-specific gene was conducted based on an algorithm presented by KOBAS [23] , with the entire hawthorn transcriptome set as the background. The P-value was approximated by a hypergeometric distribution test and multiple testing correction using FDR (False Discovery Rate, a set of predictions is the expected percent of false predictions in the set of predictions) [24] . The enriched cutoff was a Q-value less than 0.001.
Gene family comparative and evolutionary analysis
To identify the gene families and clam-specific genes, we selected the following reference species: Crassostrea gigas, Capitella teleta, Lottia gigantea, Helobdella robusta and Strongylocentrotus purpuratus [25] . For comparative analysis, we used the fellow pipeline to cluster individual genes into gene families using TreeFam [26] . First, we collected protein sequences longer than 33 amino acids from these six species. The longest protein isoform was retained from each gene. Based on the clam genes derived from the mRNA-seq, putative alternative splice variants were filtered based on sequence similarity using an overlap ratio criteria of no less than 70% for any of the sequences. Furthermore, the longest protein isoform was retained for each cluster. Second, Blastp was used for all of the protein sequence alignments against a database containing a protein dataset of all of the species with an e-value of 1e-7. Next, fragmental alignments for each gene pair were conjoined using Solar [27] . Third, the gene families were extracted with Hcluster using the default parameters. Single-copy ortholog genes were used to construct a phylogenetic tree using PhyML with default parameters [19, [28] [29] .
cSSR discovery
The cSSRs (Cyclina sinensis Simple Sequence Repeats) were identified using a Perl script from MIcroSAtellite (MISA) with transcripts for reference. Mono-, di-, tri-, tetra-, penta-and hexanucleotide sequences with a minimum number of 12, 6, 5, 5, 4 and 4 repeats, respectively, were applied as the search criteria (http://pgrc.ipk-gatersleben.de/misa/). Primer 3-2.3.4 was used to design the PCR primers using the default settings. Primers were filtered based on the following criteria: (1) no SSRs existed in the primer; (2) three mismatches for the 5'-site and one mismatch for the 3'-site were allowed to align the primers to the transcripts; (3) each primer could only be mapped to one transcript [19, 30] .
Results and Discussion
Sequencing and de novo assembly
A cDNA library for the C. sinensis clam was generated using the mRNA-Seq on an Illumina Miseq platform. Using the Illumina paired-end sequencing model, each sequencing feature could yield 2 × 250 bp independent reads from both ends of each fragment. After the data were trimmed, a total of 6,694,694 high-quality reads (2,808,369,022 base pairs) from sample M stimulated by Vibrio anguillarum and 5,483,161 high-quality reads (2,314,488,797 base pairs) from sample T stimulated by Micrococcus luteus were obtained. The average length of the reads was more than 200 Nt ( Table 1) .
The clean reads from samples T and M were pooled for de novo assembly using Trinity [17] . Finally, a total of 70,079 transcripts longer than 250 bp were generated with a mean length of 980 bp and an N50 of 1,670 bp (Table 1) . This assembly produced a substantial number of large transcripts: 36,355 transcripts (51.88%) longer than 500 bp, 19,496 transcripts (27.82%) longer than 1,000 bp and 8,455 transcripts (12.65%) longer than 2,000 bp (Fig 1) . Using the BWA aligner, 87.49% (in M) and 86.79% (in T) of the reads were realigned to the transcripts, and the transcript coverage was positively related to the length of the given transcripts. The average coverage of all of the transcripts was 75-fold.
Annotation and CDS prediction
For annotation, the homologous sequences of the transcripts were searched from several databases, including the Nr, Nt, UniProt/Swiss-Prot and KEGG, using the Basic Local Alignment Search Tool (BLAST) with an E-value threshold of 1e-5. A total of 30,930 (44.14%) transcripts were annotated to at least one of the four databases (S1 Table) . Among them, 29,219 transcripts were annotated to the Nr database, and 49.52% (14,468) of the annotated transcripts were homologous with Crassostrea gigas, followed by Capitella sp. I (2315/7.92%), Saccoglossus kowalesvskii (1219/4.17%), Amphioxus floridae (1191/4.08%) and Strongylocentrotus purpuratus (890/3.05%). Additionally, 23,344 transcripts had significant matches in the Swiss-Prot database, 20,455 had homologous sequences in the KEGG database, and only 7,739 had a BLASTn match in the Nt database (Table 2 ). Based on the Nr annotation, 12,225 sequences were classified in GO. In total, 20,455 transcripts were assigned to 259 pathways in the KEGG database (S2 Table) . Metabolic pathways (2889 transcripts), regulation of the actin cytoskeleton (988 transcripts) and focal adhesion (941 transcripts) were the most represented pathways. Furthermore, 15 immune system pathways were identified, including the T-cell receptor signaling pathway, the B-cell receptor signaling pathway, the Toll-like receptor signaling pathway and the NOD-like receptor-signaling pathway. In total, 2660 transcripts were annotated to 506 enzymes, which catalyzed the most enzymes in the immune system pathways. These enzymes expressed an average of 5 transcripts, suggesting that these genes were more actively transcribed in the experimental sample.
The CDS (coding sequences) were predicted using BLASTx and ESTscan. Using homologous matches, 29,877 transcripts were identified as CDS, with mapping lengths no less than 100 bp (Fig 1) . Other transcripts were processed with ESTScan, and 5,226 transcripts were detected with coding regions no less than 100 bp. The transcripts without identified coding regions were likely to be too short to meet the criterion for CDS prediction. Another possibility is that some of these transcripts might have been non-coding RNAs. A similar result has been reported in other studies [31] [32] . These putative non-coding RNAs must be validated in a future study.
Immune gene identification and expression
To understand the immune system, 102 (135 transcripts) immune-related genes were identified, including 5 (8) alpha-2-macroglobulin (A2M), 5 (6) bactericidal/permeability-increasing protein (BPI), 4 cathepsin, 2 CD36 antigens, 2 FAS-associated death domain proteins (FADD), 6 (17) galectin, 2 GNBPs, 1 interleukin-1 receptor-associated kinase (IRAK), 4 (7) Myd88, 7 (8) peptidoglycan recognition proteins (PGRP), 6 (12) scavenger receptor cysteinerich proteins (SRCR), 26 (32) tumor necrosis factors (TNF), and 32 (34) toll-like receptors (TLR) (Fig 2 and S2 Table) . In these genes, the average expression levels in M and T were 17.2 and 14.2, respectively, or approximately 1.7 and 1.4 times the average expression of the whole transcripts (the average expression of all of the transcripts in samples M and T: 9.9 and 10.0 FPKM). Most of these genes have a high expression level, with at least one gene or transcript in the gene family highly expressed (over the average expression), such as A2M, BPI, caprin, galectin, GNBP, Myd88, PGRP, SRCR, TNF, and TLR. The highest expression level (569FPKM) belonged to galectin (Unigene9462_sinensis). This finding suggests that this gene may be actively expressed in vivo, which is consistent with previous studies [8, 17] . Most of the sequences have a considerable expression level in both M and T, except for 11 transcripts that are differentially expressed between M and T (Fig 2) . This result suggests that the clam response to both gram-negative bacteria and gram-positive bacteria follows a similar molecular mechanism.
Gene expression and differential expression of genes
The 1,000 most abundant transcripts in each sample were analyzed. After being merged, a total of 1,289 transcripts were obtained and the expression value of the least abundant transcript was 67.6 FPKM. These data suggest that most transcripts were highly expressed in both M and T. A pathway enrichment analysis indicated that most of these transcripts were enriched in 28 pathways and that they could be divided into four classes. The first class included ribosome, antigen processing and presentation and oxidative phosphorylation. After injection, the clam response to stress produced by injection requires a large amount of active protein biosynthesis and modification, and these three pathways provided the basic raw materials and modified the antibody process. The second class included pathways that respond to pathogenic Escherichia coli infection, Salmonella infection, shigellosis, pertussis, Staphylococcus aureus infection, legionellosis and bacterial invasion of epithelial cells. These are human diseases, which are caused by bacterial infection. This finding suggests that the clam possesses an immune system homologous to a human for defense against bacterial attacks. The third class contained immune system pathways, such as those related to complementary and coagulation cascades, leukocyte transendothelial migration, and phagosomes; these processes are part of the animal defense system. The last class included other human diseases and other pathways. Above all, nearly half (12/28) of the enriched pathways were related to bacterial infection and immune response, suggesting that the immune response to pathogenic microorganisms is very active in-vivo, which is consistent with previous research (Table 3 ). In total, 3,665 genes representing 5.23% (3,665/70,079) of the total putative transcripts were differentially expressed between the M and T (twofold or more change and an FDR<0.001). Among them, 2,321 genes were upregulated, and 1,343 genes were downregulated in T (S3 Table) . Only a few immune-related genes were differentially expressed between these two cases. This finding indicates that clam response to both gram-negative bacteria and gram-positive bacteria may involve a similar molecular mechanism. 
Gene family comparative and evolutionary analysis
Using TreeFam and the pipeline described in the methods, we obtained 9,904 gene families and 1,031 unique families from C. sinensis and the five reference genomes. The common and unique gene families among C.sinensis, Crassostrea gigas, Lottia gigantea and Capitella teleta are summarized in Fig 3. The results revealed that, compared with other species, C. gigas shared the most gene families (6,643/67.07%) with C. sinensis. Based on the gene family analysis, a significant percentage of transcripts (56.21% / 14,173) in the clam were found to not be from a conserved lineage, which might be due to the presence of novel families. Alternatively, the assembled transcripts may be from non-conserved protein areas where homology or assembly errors are not detected, which is in agreement with several other papers [31, [33] [34] . The result of the KEGG enrichment is summarized in S4 Table. Interestingly, two signaling molecules and interactions (ECM-receptor interaction, neuroactive ligand-receptor interaction) and three translation pathways (RNA transport, mRNA surveillance pathway, and ribosome biogenesis in eukaryotes) were enriched, which suggests that a large amount of antibody proteins were biosynthesized after macro-organism infection. Additionally, two carbohydrate metabolism pathways (starch and sucrose metabolism, galactose metabolism) may provide a large amount of energy at this stage, which is supported by previous research.
To understand the evolutionary relationship between C. sinensis and other marine animals, a set of 1,343 single copy gene families were obtained by the TreeFam method and were concatenated into a super-peptide (873,976 peptide sites) for constructing a phylogenetic tree using PhyML; S. purpuratus was used as the out group (Fig 4) . C. sinensis and C. gigas belong to Bivalvia, and L. gigantea are from Mollusca. C. teleta and H. robusta are Annelida, and all five belong to Lophotrochozoa. Our tree is consistent with current classification. Molecular evidence is considered more effective for taxonomic classification in comparison with other existing methods. The transcriptome data and mitochondrial genome for phylogeny and orthology analysis have become increasingly popular [35] [36] [37] . In particular, certain taxons, such as arthropods, echinoderms, tetrapods and snakes, possess radical transformations, both morphologically and physiologically [38] .
cSSR discovery
To detect new molecular markers, all of the transcripts were used to mine potential cSSR (cDNA Simple Sequence Repeat) motifs using the MISA Perl script (http://pgrc.ipkgatersleben.de/misa/). In total, 3,222 (4.6%) transcripts contained 3,594 cSSRs, from which 1,409 tri-nucleotide (39.20%) and 1,233 mono-nucleotide (34.31%) repeat motifs had the highest frequencies (Table 4) . After designing and filtering the primers, 612 cSSR markers were found to have at less one primer (S5 Table) . These data may better elucidate clam polymorphism.
Conclusions
This study aimed at advancing basic molecular knowledge of immune-related genes in clam. Several interesting results were obtained: 1) a large number of candidate genes potentially involved in immune-related genes include its pathways were identified, and the expression data suggested that clam response to several types of bacteria may function in a similar molecular mechanism; 2) orthologous and unique sequences were preliminary classified by comparisons to relative species; and 3) a significant number of SSRs were identified, which may facilitate the identification of polymorphisms in Venus clam populations. These datasets will improve our understanding of the molecular mechanisms of immune responses to bacterial infection in clams.
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